Abstract. Hippoboscidae flies parasitize various animal species. Knowledge about these insects remains sparse, although they are known to cause stress and damage to their hosts, and can also accidentally infest humans, causing different sanitary risks. Research conducted in Tuscany assessing the biology and distribution of Lipoptena cervi (Linnaeus, 1758) (Diptera: Hippoboscidae), the most common ectoparasite of ungulates in Italy, revealed the presence of Lipoptena fortisetosa Maa, 1965 in Italy for the first time. This study includes a morphological comparative description of L. cervi and L. fortisetosa, emphasizing the peculiar differences between the two species to facilitate their accurate identification. The most pertinent morphological differences between the two species are highlighted, such as the external features of the antennae, distribution of bristles, and different features in the external genitalia. In both species, scanning electron microscopy of mouthparts revealed strong adaptive convergence in the feeding apparatus. Modified palps and a very thin proboscis are described in relation to feeding behaviour.
Introduction

Lipoptena fortisetosa
is a haematophagous ectoparasite belonging to the family Hippoboscidae, subfamily Lipopteninae (Maa, 1965) . The fly parasitizes mammals, particularly cervids. This species is native to Japan, but has spread into Korea and Russia. It has been recorded in a few European countries, such as Germany, Lithuania, Moldova, Poland, the Czech Republic, Romania, Slovakia and Switzerland (Choi et al., 2013) .
The main host of L. fortisetosa is the Japanese deer [Cervus nippon Temminck, 1838 (Artiodactyla: Cervidae)], but other mammal hosts have been reported, such as the Siberian roe deer [Capreolus pygargus Pallas, 1771 (Artiodactyla: Cervidae)] (Choi et al., 2013) . Lipoptena fortisetosa can also infest humans (Schumann & Messner, 1993) .
Lipoptena cervi (Linnaeus, 1758) is another common hippoboscid species that attacks ungulates. Lipoptena cervi was originally recorded in Europe, Siberia and northern China, but it has spread into northern Africa, North America and other parts of Asia (Bequaert, 1942) . This fly lives on various species zoonoses such as borreliosis, anaplasmosis and trypanosomiasis (Härkönen et al., 2009a; Víchová et al., 2011; De Bruin et al., 2015; Buss et al., 2016; Lee et al., 2016) .
The present paper reports the first record of L. fortisetosa in Italy, along with a comparative morphological assessment of L. fortisetosa and L. cervi to facilitate the accurate identification of the two species. Moreover, morphological observations on some features found to be common to both species, such as in the legs and mouthparts, are described in relation to their parasitic lifecycles and feeding activity.
Materials and methods
Sampling procedures and taxonomic identification of Hippoboscidae
Observations were made in Tuscany, central Italy. Hippoboscids were collected from five ungulates. Three C. elaphus specimens were examined: a male fawn ( (Fig. 1) . The hippoboscid specimens were identified using taxonomic keys proposed by Bequaert (1942) , Mogi (1975) and Maa & Peterson (1987) .
Morphological investigations
A morphological study was conducted using optical and scanning electron microscopes housed at the Department of Agricultural, Food and Agro-Environmental Sciences, University of Pisa, Italy. Several specimens were prepared for the observations. Adults of both species were anaesthetized and killed at − 20 ∘ C and then immersed in hexane and sonicated for 10 min to clean them and to remove impurities and secretions from their bodies. Subsequently, flies were sonicated again for 10 min in water with two drops of soap (Ausilab™; Carlo Erba Reagents Srl, Cornaredo, Milano, Italy) to rehydrate the previously cleaned samples. After this procedure, the specimens were air-dried, quickly pinned, and prepared for optical observations. At least fifty specimens of each sex and species were observed using an optical microscope. Two dimensions were measured: the total length of the body and the largest width of the abdomen. For scanning electron microscopy, specimens in toto or some excised parts were placed in hexane, sonicated for 10 min, and then dehydrated in a graded ethanol series (70%, 80%, 90%, 95% and 100% ethanol). Subsequently, samples were air-dried, mounted on stubs and gold-coated in a sputter coater device (S150B; BOC Edwards, Burgess Hill, U.K.). Male fawn  12  25  34  40  Female fawn  12  30  17  19  Yearling male  220  323  0  1  Roe deer Female adult --7 * 10 * Male fawn --31 * 21 * * Numbers represent a small sample of observed flies on host.
Red deer
Observations were made using an FEI Quanta 200 high-vacuum scanning electron microscope (Thermo Fisher Scientific, Inc., Waltham, MA, U.S.A.).
Results
The examined ungulates hosted a large number of ectoparasites. Among these, the presence of the hippoboscid L. fortisetosa was detected for the first time in Italy. A total of 802 parasites were collected from the five ungulates. These included 622 L. cervi and 180 L. fortisetosa (Table 1) . However, it was not possible to remove all the flies from the two roe deer and hence the number of infesting insects is assumed to have been greater.
Morphological and taxonomic differences between the species
The morphological features of both ectoparasites show an extreme level of adaptation to parasitic life. This adaptation includes the flattening of the body to enable the insect to remain on the host, the thickening of the integument to withstand the mechanical pressures caused by host movements, and the development of many bristles for protection (Figs 2 and 3 ). The largest difference between the two species refers to body size: L. fortisetosa is smaller than L. cervi and females are larger than males in both species (Table 2) .
Closer observation shows that the head of L. cervi is ovoid, whereas the head of L. fortisetosa has a characteristic rhomboidal shape (Fig. 4) . Other noticeable differences concern the frontoclypeus area, which is trapezoid in L. cervi and elliptical in L. fortisetosa. Additionally, the sensillar pattern present on the external surface of the antennal segment differs between the two species: L. cervi antennae bear two trichoid, one basiconic and seven coeloconic sensilla (Fig. 5) , whereas there are nine strongly socketed sensillar bristles in L. fortisetosa (Fig. 6) .
The thoracic region differs between the two species in both the sutural pattern and the distribution of bristles. Lipoptena cervi displays two protruding post-scutellar sutures that border a prominent central area (acrostichal area) of the generally flattened thorax. Conversely, in L. fortisetosa these sutures are not present and the medionotal suture is well marked and crosses the whole thorax longitudinally (Fig. 7) . A very important taxonomic feature of this region is the chaetotaxy, which can help differentiate the two species. Lipoptena cervi is hairier than L. fortisetosa and the dimensions of its bristles vary, whereas all bristles in L. fortisetosa are of equal dimensions. The distribution of bristles is very different. Lipoptena cervi exhibits some groups of bristles that are not observed in L. fortisetosa and L. cervi has a peculiar feature that is absent in the other species: the presence of three bristles above the thoracic spiracle ( Fig. 7C, D) . Interestingly, both species display a sensory area consisting of a group of coeloconic sensilla on the prescutellar region, close to the spiracular bristles; there are approximately 10 sensilla in L. cervi but fewer in L. fortisetosa (Fig. 7E, F) . At high magnification, these sensilla appear to be uniporous (Fig. 7F, inset) . These insects lose their wings after settling in a suitable host and the breaking line is notable (Fig. 7F) .
The abdomen of L. fortisetosa is less sclerotized and consequently of a lighter colour, and in males is smaller than that of L. cervi. It is notable that in both species the membranous tegument of the abdomen of females is wider than the sclerotized areas, which allows the extension of the body for progeny development.
Female terminalia differ between the species in features and in the number of bristles on the genital opening (Fig. 8) . Lipoptena cervi shows three pregenital aligned sclerites; each external sclerite bears two or three bristles and the central sclerite has four bristles. Furthermore, the pregenital plate is bilobate, whereas the hypoproct is semi-circular and bare, with two nearly hairless cerci. Lipoptena fortisetosa has only a central pregenital sclerite bearing two long and strong bristles, and the pregenital plate is composed of two distinct narrow urotergites. The hypoproct is semi-circular and, by contrast with the other species, is hairy with well-developed bristles. The male terminalia are characterized by a short aedeagus and two external gonopods that protect it and guide it during mating (Fig. 9) . In L. cervi, the aedeagus is cone-shaped and ends with a ridge-shaped process, and the surstyli are well developed and bear strong bristles (Fig. 9A, C, E) . In L. fortisetosa, the aedeagus is membranous with a bilobate tip, and each lobe bears spines on its edge (Fig. 9D, F) . The gonopods are elongated with tiny spines and cuticolar depressions on the surface, homogeneously distributed but different in size. Some of these cuticolar depressions are presumably coeloconic sensilla (Fig. 9F) . The surstyli are not as evident, but they exhibit some long bristles.
External features common to both species
The legs and feeding apparatus in the two species are identical. These structures are efficiently adapted to parasitic life. The legs are robust and bear strong bristles that probably serve as mechanoreceptors (Fig. 10) . Moreover, these bristles are also useful for clasping on to the host and may help claws to hook firmly to the fur of the ungulate host. Claws are the most important tools of adhesion and are stout, asymmetrical and widely grooved to better hold the hairs of the mammal. Two additional adhesion organs are also present: the empodium and pulvilli (Fig. 10B) .
The feeding apparatus is completely adapted for blood sucking. It consists of a retracted proboscis embraced in two sclerotized, single-segment, bristled maxillary palps (Fig. 11) . The proboscis comprises three segments: the labella, labrum and labium [the latter two, respectively, represent the labial gutter and thecal section sensu Snodgrass (1943) ]. The apical portion is formed by the labella, whereas the main part of the proboscis is divided lengthwise into a thecal section and a labial gutter that includes the hypopharynx (Fig. 12A) . Numerous sensilla are arranged in a circle on the tip of the labella. There are two types of sensilla: four basiconic sensilla symmetrically arranged at the four corners, and various differently sized coeloconic sensilla. Furthermore, coeloconic sensilla are also present along the surface of the thecal section of the proboscis (Fig. 12A, inset) . Finally, on the tip of the labella, the biting apparatus consists of a group of prestomal teeth that scrape the host's skin (Fig. 12B, C) .
Discussion
In the present study, 802 hippoboscid specimens were collected from five ungulates. These investigations showed that substantial numbers of L. fortisetosa were present on each mammal, except for the yearling male. This ungulate carried a high number of L. cervi and only one L. fortisetosa specimen. This may reflect the predilection of L. cervi for parasitizing yearlings. The fly attacks yearlings over fawns because it uses visual stimuli during host seeking and hence tends to parasitize hosts with larger body sizes . However, L. cervi prefers yearlings to adults because the latter are less active and movement has been shown to be one of the most relevant factors in host selection in this species. In fact, the parasite rests in vegetation and waits for a host to pass by and hence is more likely to encounter a host that moves more (Madslien et al., 2012) .
The other two sampled red deer had equivalent numbers of parasites of the two species. Although it is not possible to determine when L. fortisetosa colonized Italy, it can be assumed that this parasite is currently spreading into a new area and is strongly competing with the native L. cervi, as well as adapting to a new environment. This competition is related to the host, which represents the refuge, reproduction site and food source for both species. In fact, although L. fortisetosa has not been well studied, it shows a similar lifecycle to L. cervi (Sonobe, 1979) . Initially, both the autochthonous parasite and the ungulate hosts may withstand the invasion, but later there may be a reaction and an adaptation process that may lead to the establishment of a new balance among L. fortisetosa and other competing parasites (such as ticks) and hosts. However, the coexistence of two Lipoptena species on the same host in the same geographical region is reportedly unusual and leads to several ecological problems that should be more deeply investigated (Mogi, 1975) .
The first important issue worthy of attention is how L. fortisetosa has spread into Italy. The present authors hypothesize that this species may have arrived via C. nippon, its original host, because the fly is native to Japan (Maa, 1965, 1967). Indeed, in all countries in which the parasite has been discovered, its presence is considered to be related to this ungulate (Mogi, 1975; Sonobe, 1979; Yamauchi & Nakayama, 2006; Choi et al., 2013) . The Japanese deer is originally from the Far East, but it is now distributed worldwide as a result of both intentional and accidental introductions, and is one of the major naturalized alien ungulates in Europe (Raganella Pelliccioni et al., 2013) . In Italy, this mammal was recently discovered in the provinces of Modena and Trento (approximately 100 km and 300 km, respectively, north of Florence), and its presence in the country is undisputed (Ferri et al., 2016) .
It is interesting to note that a recent study conducted in the province of Sondrio in northern Italy revealed the absence of L. fortisetosa among the ectoparasites of ungulates (Bianchi et al., 2016) . Because the parasite has been recorded in Switzerland, the country bordering Sondrio, it would be interesting to study the reasons why it is absent from this area of Italy although, based on the present results, it is clearly established in central Italy.
As other authors (Mogi, 1975; Choi et al., 2013) have assumed, C. nippon may have spread through Europe carrying its ectoparasites, which later may have switched to other cervid hosts. The current findings clearly demonstrate that L. fortisetosa has adapted to other hosts. It should be noted that the present study represents the first record of this species infesting roe deer. Moreover, the fact that one of the roe deer from which L. fortisetosa was collected was born and raised in Florence at the DISPAA experimental farm shows the adaptability of the parasite to heavily urbanized areas.
With respect to the morphological differences between the two parasites, this study highlights the peculiar characteristics that facilitate their identification. Among the numerous traits described, three major differences should be emphasized. Firstly, body size provides important information at a glance because L. cervi is visibly larger than L. fortisetosa, and males of both species are smaller than females. Secondly, the distribution of thoracic bristles is a fundamental taxonomic feature. Overall, L. fortisetosa has fewer bristles, whereas L. cervi is hairier and presents some groups of bristles that are not observed in the other species. In particular, it is possible to identify three strong bristles above the spiracles, present only in the native species, in agreement with the taxonomic key of Maa (1965) . The third marked difference refers to the sensillar pattern on the external surface of the antennal segment. In L. cervi, two trichoid, one basiconic and seven coeloconic sensilla are present, whereas L. fortisetosa shows only nine strongly socketed sensillar bristles. This feature is important for differentiating the two species and allows for further considerations with respect to the host. The nine bristles of L. fortisetosa have grooved surfaces and are probably mechanoreceptors, as has been shown in horse stomach bot flies (Zhang et al., 2016) . However, L. cervi presents three types of sensilla, which means that this species is likely to use different stimuli to perceive the environment and locate a host. In fact, the trichoid sensilla probably have a unique mechanoreceptive function, whereas the basiconic and the coeloconic sensilla are chemoreceptors and may allow the parasite to perceive changes in temperature and humidity that help it to locate a host, as demonstrated by Kortet et al. (2009) . The presence of different receptors on the antennae shows more developed sensory perception and indicates a major opportunity for signal transduction in this species. Nonetheless, additional information should be obtained by further studies on the sensory area of the antenna, as recently shown in three different hippoboscid species (Zhang et al., 2015) .
The bodies of both L. cervi and L. fortisetosa are covered with a number of bristles, which are useful for protection but also help in clasping the host. Moreover, some of them may serve as mechanoreceptors that increase sensory perception.
The legs and feeding apparatus are very similar in both species and represent examples of adaptive evolution common to both species. The adaptation process has led to the development of all the regions of the body for parasitic life. As previously noted, the legs are strongly adapted to hook the fly to its host's fur and show asymmetrical claws together with additional tools of adhesion, such as strong bristles and spurs. Other flies that parasitize bats, such as those of the dipteran families Nycteribiidae and Streblidae, also show modified legs .
The feeding apparatus of these hippoboscid flies displays some interesting characteristics, such as the sclerotized palps and the presence of several sensilla arranged in a circle at the tip of the labella. Although different groups of flies have evolved mouthparts according to specific needs, maxillary palps are generally devoted to monitoring the environment for both gustative and olfactive purposes, together with other sensory structures present in the antennae, labial palps, tarsi and ovipositor. In blood-sucking species, such as tabanid flies, palps may play an important role in host location, as well as in the environmental monitoring usually carried out by different types of sensilla (Krenn & Aspöck, 2012) .
In other ectoparasitic dipterans, such as mosquitoes, maxillary palps present specialized sensilla that respond to specific stimuli involved in host-seeking behaviours. For example, sensilla on the maxillary palps of Aedes aegypti (Linnaeus) (Diptera: Culicidae) detect carbon dioxide. The same organs in Aedes albopictus (Skuse) show four different sensilla, such as capitate pegs, and campaniform, basiconica and chaetica sensilla, whereas the labial palps are covered with three types of smooth chaetica sensilla at the tip of the labellum. Similar structures have been reported in other mosquitoes and biting insects (Seenivasagan et al., 2009) . The presence of differently specialized sensilla indicates a well-developed sensory perception system capable of detecting various stimuli. Other blood-sucking flies, such as the Ceratopogonidae, present maxillary palps bearing a relevant number of sensory structures mostly within a well-defined sensory pit (Alexandre-Pires et al., 2010) . In tabanids, the palps are short and two-segmented, and bear different kinds of bristles, but have not yet been investigated in terms of sensory structures (Stoffolano & Yin, 1983) . In phytophagous dipterans such as tephritids, maxillary palps represent a specified sensory area. In the olive fly, Bactrocera oleae (Rossi) (Diptera: Tephritidae), the internal side of the palps is covered by microtrichi, and the external side shows mainly mechanosensory bristles with basiconica sensilla interspersed among them. The palps are equipped with olfactory sensilla involved in semiochemical perception and respond to various volatile compounds (Liscia et al., 2013) .
In L. cervi and L. fortisetosa, the palps evolved differently from those in other haematophagous flies. These parasites show two strongly sclerotized, elongated and concave (channelled) palps that enclose and protect the proboscis. These species live among the hairs of the fur of their ungulate hosts in a hostile and cumbersome environment. Moreover, in these species, the palps maintain sensory function to a lesser extent as they show only bristles that are probably mechanoreceptor sensilla and no other types of sensorial structures.
Although there are no detailed descriptions of the feeding mechanisms of hippoboscid flies, it can be assumed that they have followed an evolutionary path similar to that of the Glossinidae (Diptera). In these parasitic flies, the palps are paired to form a sheath that embraces the proboscis and, during feeding, they separate from the proboscis, which penetrates the host skin with repeated movements to allow the fly to feed on the pool of blood that accumulates under the skin (Krenn & Aspöck, 2012) .
With respect to the sensorial area located on the tip of the proboscis, the present authors observed two types of sensilla that differed in size: basiconic and coeloconic. The flies probably need all these sensilla to test the skin of the host in order to find the most appropriate feeding point, while the sclerotized palps lead the proboscis. Snodgrass (1943) described the mouthparts of hippoboscids, but not in great detail. After finding a suitable feeding location, the parasite damages the skin of the ungulate using two specific fixed rows of teeth and some specific eversible teeth near the sensillar area on the labella. When blood emerges, the fly feeds through the food canal. Haarløv (1964) concluded that L. cervi is a pool feeder and not a capillary feeder like some mosquitoes because it needs to injure the skin of the host in order to suck blood from a haemorrhage made by its teeth. Lipoptena fortisetosa shows mouthpart structures that are the same as those in L. cervi and both are very similar to the feeding apparatus of the Glossinidae (Snodgrass, 1943; Haarløv, 1964; Krenn & Aspöck, 2012; Gibson et al., 2017) . The mouthparts of tsetse flies include a proboscis that is equipped with arrays of teeth and rasps. The proboscis is formed by labella at the top of the organ and is divided lengthwise into a labrum and a labium that includes the hypopharynx (Gibson et al., 2017) .
Several species of biting insect are provided with sharp elements that are able to tear the skin of the attacked animal; some tabanids exhibit developed mandibles armed with marginal teeth, suggesting haematophagous feeding. Conversely, smaller mandibles with vestigial or absent marginal teeth, or those that are covered with micropilosity, may indicate different feeding behaviours in other tabanid species (González & Flores, 2004) . Indeed, some muscids within the Stomoxyinae also have similar structures to L. cervi and L. fortisetosa. Stomoxys calcitrans (Linnaeus) (Diptera: Muscidae) has a particularly hard and sclerotized haustellum with rows of teeth and spines and two short palps, whereas Haematobia irritans (Linnaeus) (Diptera: Muscidae) and Haematobia titillans (Bezzi) present two aligned rows of bristles (Giangaspero et al., 1996) .
In summary, L. fortisetosa and L. cervi are two parasitic hippoboscids that were detected during a survey carried out on ungulates in Tuscany. This finding of L. fortisetosa represents the first record of this species in Italy. The present report highlights some of the most relevant differences in gross morphology between the two species, such as those in the external parts of the antennae, the distribution of bristles, and different features in the external genitalia. Scanning electron microscopy of the mouthparts revealed a strong adaptive convergence developed for feeding on the skin of the host in both species, such as modified palps and a very thin proboscis with teeth at the apex and a characteristic sensory area that suggests a specialized feeding behaviour. The presence of an exotic species may represent a new challenge to the health of its hosts in Italy, particularly as L. cervi can transmit several disease-causing pathogens to animals, as well as to humans. Further investigations into the importance of Lipoptena species, especially L. fortisetosa, are worthy of attention.
